Aim-To elucidate the diurnal variation in human corneal thickness over a 48 hour period. Method-Changes in central corneal thickness were monitored in eight healthy subjects (four male, four female) aged between 10 and 63 years using an ultrasonic pachymeter. Measurements were made over a 48 hour period-immediately before sleep, immediately upon waking and at 15, 30, 45 minutes, 1, 1.5, 2, 2.5, 3 hours, and at 2 hour intervals thereafter throughout the remainder of each day. Results-The mean corneal thickness for the group (SD) was 546 (14) ptm, with a mean overnight increase of 5.5% (2.90/6) (range 1.9-12.6%) and a maximum diurnal increase of 7.2% (2.8%) (range 2.1-14.3%). Individual differences in the extent of diurnal and overnight variation occurred within the group. For three subjects, the first reading taken on waking was not the highest and corneal thickness continued to increase. Conclusion-These data confirm an increase of corneal thickness during sleep, but also reveal considerable variation during waking hours. Thus, the overnight changes in corneal thickness are not truly representative of diurnal variations in human corneal thickness and, in fact, much greater diurnal variation occurs than the 3.0-4.4% previously reported. (BrJ Ophthalmol 1996;80:1068-1072 Corneal thickness measurements are indicative of the metabolic status of the cornea, as they provide an index of corneal hydration.' Such measurements give valuable information on the physiological status of the cornea and its changes associated with disease,2' trauma,56 and hypoxia.78 The healthy human cornea experiences hypoxia on a daily basis beneath the closed eyelid during sleep.910 The reduction in oxygen levels beneath the closed eyelid is thought to induce anaerobic metabolism, which causes an accumulation of lactate within the stroma which is followed by an osmotic influx of water.7 Other factors could also influence corneal hydration such as the reduced evaporation from the tear film which occurs during the first 2 hours of waking," intraocular pressure which increases rapidly after sleep,'2 and body temperature which changes on a diurnal basis decreasing during night-time sleep and increasing throughout the day.'3 Upon opening the eyelid at waking the corneal thickness is reputed to return rapidly to normal. Thus, corneal thickness changes on a diurnal basis. Such diurnal variations in corneal thickness have been identified in a variety of species, including rabbit,'4 cat,'5 primate,'6 and human.9 17-20
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Materials and methods

SUBJECTS
Eight subjects (four male, four female) aged between 10 and 63 years participated in the study. All subjects were free from ocular disease, had adequate tear film production (a minimum of 15 mm in 5 minutes using Schirmer's tear test), and were unadapted to contact lens wear. Individuals were maintained on a normal diet and, because of the effects of alcohol consumption on corneal thickness,2' no alcohol was consumed in the 24 hours before the study period. Also, where relevant, no females were menstruating or ovulating at the time of the study as increases in oestrogen levels are accompanied by increased corneal thickness. 22 It has already been ascertained that different humidity levels have no significant effect on the deswelling function of the human cornea.23 For this reason and so as not to interfere with regular sleep patterns, all corneal thickness measurements were made in the person's own home. This research followed the tenets of the declaration of Helsinki (1964). Informed consent was obtained after the nature and possible consequences of the study were explained.
PROCEDURE TO MEASURE CORNEAL THICKNESS
A Humphrey-Allergan ultrasonic pachymeter (model 850) with a handheld transducer was used to measure central corneal thickness readings. The ultrasonic pachymeter calculates readings based on an ultrasonic velocity of 1640 m/s for normal human corneal thickness at 34.5°C, which is the temperature at the corneal surface in vivo. The percentage maximum diurnal thickness change occurring during any 24 hour period was calculated using the difference between the maximum and minimum corneal thickness readings measured on each day (for the purpose of this study 'a day' is defined as the period between presleep reading and the penultimate reading on the following day). 
Results
ACCURACY
Thickness readings were consistently within the manufacturer's test block range of 560 (SD 11) gm at 25°C during the 3 years of using the ultrasonic pachymeter.
REPRODUCIBII=TY
For any 10 readings taken at any time point (Fig 1) , a typical value for the standard error of the mean (SEM) was plus or minus 2 gm. The SEM over the 1 hour period for each individual was plus or minus 1 gm. 
DIURNAL VARIATION IN HUMAN CORNEAL THICKNESS
Corneal thickness increased overnight (Fig 2) and decreased after waking. However, corneal thickness did not remain constant throughout the day. Differences in the magnitude and pattern of swelling were seen between day 1 and day 2 of the study and also between individuals. For three subjects, the first reading taken on waking was not the highest and corneal thickness continued to increase.
Mean overnight variation in central corneal thickness was 5.2% (2.9%) for the group and mean diurnal variation was 7.2% (2.8%) for the group (Table 2) . For all but one subject (day 1 for the 10-year-old female), the degree of diurnal variation was greater than the overnight increase in corneal thickness. Individual changes in overnight and diurnal thickness varied greatly within the group, with a range of 1.9-12.6% (overnight increase) and 2.1-14.3% (maximum diurnal variation) during any day. There were five individuals whose overnight increase in corneal thickness in either day was greater than 3-4%; two of these subjects (30-year-old male and 63-year-old male) showed overnight increases of at least 10% during one or both days of the study. Three individuals showed a maximum diurnal variation of 10% or more (28-year-old female, 30 and 63-year-old males). The magnitude of the variation differed on consecutive days for each individual.
STATISTICAL ANALYSES
The results of the statistical analyses (Table 1) indicate that there are no overall sex differences in corneal thickness (p=0.8620). There were also no significant effects of time of day of measurement (p=0.2027), day by sex interaction (p=0.7492), time of day by sex interaction (p=0.9209), or day of measurement by sex interaction (p=0.2843). These results indicate that corneal thickness behaves similarly for both days irrespective of sex. There was, however, a highly significant time of day effect (p<0.0001).
Discussion
Corneal thickness was found to increase overnight, which is in agreement with previous studies.9 [17] [18] [19] [20] However, we report a level of overnight variation in central human corneal thickness of 5.5% for the group which is higher than the values (3-4.4%) previously reported. In fact, the mean diurnal variation in central corneal thickness was 7.2% for the group. For each volunteer, maximum variation during any day was greater than the overnight increase in corneal thickness, except for the 1 0-year-old female. On day 1 the overnight thickness increase was the same as her maximum diurnal variation; however, she later admitted to waking up at 4.30 am on day 1, but felt that this was too early to wake the operator. Our results suggest that overnight changes in corneal thickness are not truly representative of actual diurnal variation. While we can compare our overnight changes in corneal thickness with other studies, it is difficult to compare diurnal studies as most authors do not report the full 24 hour cycle."8
The results of this study are in agreement with Gerstman's study'8 who reported an average increase of 7.8% which is similar to our mean maximum diurnal variation of 7.2%. However, in Gerstman's study no presleep reading was taken (the lowest value occurring throughout the study was used as the baseline) and no thickness measurement was made immediately on waking; this also occurs in two other optical pachymetry studies.7 19 Mertz used electronic digital pachymetry and reported overnight swelling of 4.33% in nine subjects (three male, six female).20 The highest overnight thickness increase in Mertz's study was 9.7%, which is similar to the highest readings of our study.
The most recent published study'0 involved electronic digital pachymetry and reported a 3% overnight increase in corneal thickness. This study was limited to a group of youths of about 19 years of age. Our study includes the widest age range reported so far in a diurnal study of this nature (10 to 63 years). To date this study is the first (a) to use an ultrasonic pachymeter to monitor diurnal variations in human corneal thickness,(b) to follow human corneal thickness over 2 full days, and (c) to report the diurnal variation of corneal thickness of a child.
Local anaesthetic was not used in this study for several reasons. Firstly, a drop oflocal anaesthetic can induce lacrimation, which is undesirable in view of the linear relation between corneal thickness and hydration.' Also local anaesthetic eyedrops are toxic to the corneal epithelium. Continuous instillation of these drops throughout the day could disrupt the epithelium and affect its role as a structural barrier to the influx of fluid from the tear film."9 In addition to its properties as a barrier, the active movement of ions by the epithelium'0 augments the activity of the endothelium in maintaining corneal dehydration.3' 3Therefore the damage to the epithelium caused by local anaesthetic might influence corneal thickness by disrupting the physical barrier of the epithelium and also affecting ion transport. In studies ofthis nature, it is important that the subject feels at ease and relaxed about the techniques being performed. Repeated use of drops at regular intervals throughout the day would cause discomfort to the volunteers who in fact preferred the readings to be performed without local anaesthetic.
Ultrasonic pachymetry does require the probe tip to touch the epithelial surface which might cause some degree of epithelial disruption. Other methods of pachymetry include optical and electronic digital pachymetry. For a study of this nature, the major advantage of optical pachymetry over both ultrasonic and electronic digital pachymetry is that the optical pachymeter is a non-contact method. The major limitation of the optical pachymeter (which requires a slit-lamp) is comparative size. Therefore, for diurnal studies it was not practical to transport an optical pachymeter to the homes of the subjects, where the investigations took place.
Mertz investigated the accuracy of the technique and reported a standard deviation of 5 gm for 10 readings.'0 As can be seen in Figure   1 , the study of the reproducibility of the operator gave a standard deviation value of plus or minus 3 pm which provides a similar level of accuracy. Other reports have not commented an the accuracy of the pachymetry technique.
In summary, mean overnight swelling was 5.5% with a maximum mean diurnal variation of 7.2% and considerable variability was seen between individuals. Corneal thickness is highly variable during any 24 hour period and does not follow the regular pattern of overnight swelling and exponential decay previously reported.
thickness. 
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